of ATP ( E1). were determined bv monitoring the kinetics of ATP-induced dissociation of actornyosin, a revaction of known kinetic charIn the work described here, the amount and rate of ATP acteristics. Release of 500 yM ATP was found to be controlled by a process having a rate constant of 2.2 x 109 [H+I sec-l at generation after laser flash photolysis of caged ATP was mea-22°C at pH 5.8-9.5, which corresponds to 220 sec-l at pH 7. This sured to determine the potential of caged ATP as an ATP preprocess is believed to be the breakdown of an aci-nitro comcursor for use in kinetic studies of intact biological systems. It ~o u n d , which was identified on the basis of its spectral propis shown that the energy per pulse from a frequency doubled erties and the photochromicity of related 2-nitrobenzyl compounds.
ruby laser generates ATP in sufficient concentration for biological studies. By using a well characterized biological reacPhotodissociation of carbon monoxide and dioxygen from hetion-the ATP-induced dissociation of actomyosin-the overall rnoglobin (1, 2) is an important tool for analysis of hemoglobin rate constant of the dark reactions that lead to the liberation of functions. It would be valuable if a similar approach could be ATP on photon absorption was determined. Spectroscopic developed to encompass biological reactions in general. In analysis of the photolysis gives some insight into the mechanism principle, it should be possible to generate photochemically of the conversion of .caged ATP to ATP. reactants such as metabolites from biologically inert photolyzable compounds. This would allow us to study intact macro-
MATERIALS AND METHODS
molecular systems in which limitations arise because of the difficultyof introducing reactants to their sites of reaction in Actom~osinwas prepared mixing purified F actin and a time shorter than the characteristic time of the reaction under myosin, both of which were isolated from rabbit skeletal muscle investigation. (9, 10) . First steps toward this goal of photochemical deprotection Caged ATP was synthesized by condensing 1-(%nitro)-have been reviewed by Knowles (3) . These include the generphenyleth~l phosphate and ADP mor~holidate as described by ation of inorganic phosphate from 3-nitrophenyl phosphate by Kaplan et al. (8) . l-(2-Nitro)phenYlethyl phosphate was synHavinga et al. (4) in 1956 and the work of Patchorn& et al. (5) thesized from 1-(2-nitro)phenylethanol and 2-cyanoethyl and Engels and Schlaeger (6),who described the synthesis of phosphate by the method of Tener (I1). The 2-cyan0ethy1 photolabile amino acid, peptide, and cyclic AMP precursors group was removed from the phosphate diester intermediate and suggested possible applications of their methods. Alternaby treatment with NaOH at 1°0oC for l0 and the tively, inhibitors can be photogenerated, as has been shown by product Was partitioned between water and chloroform. he Lester et al. (7) in their studies of ion-channel blockade PH of the aqueous phase was adjusted to 2 by addition of Dowex mechanisms. These ideas were taken further by Kaplan et a/.
and the resulting filtrate was adjusted to pH 7.5 by ad- (8) , who synthesized a y-phosphate ester of ATP, P3-1-(2-dition of aqueous Ba(OH)2. Some barium phosphate precipinitro)phenylethyladenosine 5f-triphosphate (I), which they tated and was filtered off. water in the presence of Dowex 50 H f . The relatively low yield 7237 of the barium salt may be due to the formation of z-nitrostyrene during phosphate diester hydrolysis.
Assay Methods. Caged ATP was analyzed by using highperformance liquid chromatography on an NH2-Bondapak column (Waters Associates) and eluting with 0.35 M (NH4)2HP04 adjusted to pH 4.0 with HCl. In addition, samples were exposed for 2 min to 330-nm light in a fluorimeter and analyzed on the same column for conversion to ATP. The column eluate was usually analyzed by its absorption at 260 nm, although absorption at 300 nm was occasionally used to distinguish caged ATP from other nucleotides (8) .In addition, an ATP meter (Johnson Foundation, University of Pennsylvania) was used to detect ATP formation quantitatively in the 10-1000 pmol range by the luciferin/luciferase assay.
The stoichiometry of proton release on photolysis of caged ATP was studied spectrophotometically by using pH indicators (phenol red and chlorophenol red at pH values above and below 7, respectively). The buffering capacity of the solutions was measured by adding standard aliquots of NaOH or HCl and measuring the changes of the pH indicators. In all the pH experiments, the solutions were adjusted to the appropriate pH value, and this was rechecked immediately after the experiment. In no case, did the pH deviate by more than 0.1 unit from the initial value.
Stopped-flow studies of ATP-induced actomyosin dissociation were done essentially as described by Finlayson et al. (12) .
Laser Photolysis. An air-cooled Brewster angle ruby laser was combined with a 2 cm X 1 cm2 potassium dihydrogen phosphate (KDP) frequency doubler, cut for first-indexmatching conditions and angle tuned, to produce as many 347-nm photons as possible. The ruby laser was passively Q switched with cryptocyanine (1,l'-diethyl-4,4'-carbocyanine iodide) (Eastman dye A 10220) to produce a 1.3-J Q-switched pulse that was then frequency doubled to give up to 40 mJ at 347 nm in 30 nsec. The ruby 694-nm pulse that passed through the KDP crystal was blocked by a blue filter (Corning glass no. 5031) that allowed the 347-nm pulse to pass with some attenuation. A Wratten no. 29 filter was placed in front of the crystal to block the laser pump light. The energy of the resulting laser pulse was measured by using a Scientech 362 disc calorimeter energy meter. If the KDP crystal was deliberately misaligned so that index matching could not be achieved, the laser energy fell to 5% of its maximum value, indicating that it was mostly 347-nm light. The laser photolysis experiments were of two types. For those in which the analysis of ATP was performed subsequent to the laser pulse (i.e., the luciferin-luciferase or high-performance liquid chromatography assays), the laser pulse impinged on a 0.2 cm" 0.2 cm custom-made quartz cell whose dimensions were optimized for ATP ~i e l d .
For direct spectrophotometry after the laser pulse, the sample was contained in a quartz cell in which the measuring light passed through the sample orthogonal to the laser beam. The light source of the spectrophotometer was a tungsten iodide lamp. The measuring light was passed through a monochromator and optical fibers and was detected by an EM1 959213 photomultiplier with gelatin Wratten 2B filters at the front surface. The resulting voltage traces were photographed on a Tektronix 7904 oscilloscope.
RESULTS
To determine the suitability of the frequency-doubled ruby laser for the photolysis studies, the conversion of caged ATP to ATP per incident photon was measured at different wavelengths. The peak of the action spectrum occurred at 315 nm. At 347 nm, the conversion to ATP was 50% of the maximum value per incident photon. The action spectrum is shifted about Proc. Natl. Acad. Sci. USA 77 (1980) 50 nm to the red of the nitrobenzyl absorption peak: 1-(2-nitro)phenylethyl phosphate has A , , , at 265 nm. However, caged ATP is fluorescent, and the fluorescent excitation spectrum matched that of the photolysis action spectrum.
The amount of ATP produced on laser photolysis was linearly related to the laser energy (Fig. 1) . Typically, a laser pulse of 25 mJ generated 500 pM from 2.5 mM caged ATP. The conversion to ATP decreased at concentrations of caged ATP greater than 2.5 mM due to the relatively high absorption of the solution [which depends on the geometry of the cell and the extinction coefficient of the caged ATP (which is 660 M-I cm-' at 347 nm)]. There was quantitative agreement between the ATP generated per photon from the laser and that from the continuous-light output of a 200-W mercury arc lamp. The yield of ATP was independent of pH at pH 6-8. Having shown that sufficient light is generated by the laser for significant ATP release, we next investigated the subsequent dark reactions that result in the release of ATP. We used three probes of these reactions; first, we investigated the possibility that spectrally observable intermediates were formed; second, we monitored the release of protons that occurs during the course of the reaction and, third, we monitored ATP release through its reaction with actomyosin.
When photolysis of caged ATP was monitored in the near UV, a spectral change was observed (Fig. 2A) ; the spectrum of the maximum absorption change is shown in Fig. 2B . The magnitude of the absorption increase was proportional to the concentration of caged ATP and to the energy of the 347-nm laser pulse. As a solution of caged ATP was progressively photolysed down to 20% of its initial concentration, the magnitude of the absorption change decreased proportionately, suggesting that the product (2-nitrosoacetophenone) did not generate a signal at this wavelength.
The increase in absorption occurred within the time resolution of the spectrophotometer (5 psec). The time course of the transient decay had a single-exponential form and a rate constant (A) that was [H+] dependent (Fig. 3) ; it follows from these data that X = 2.2 X lo9 [H+]sec-l. X was not altered by the addition of 1 mM EDTA or 5 mM MgCl2 at pH 7, showing the absence of a divalent metal ion effect on this reaction.
The overall stoichiometry of proton release accompanying caged ATP photolysis was as predicted from Eq. 1.Thus, at pH The spectrophotometer was set to 100% transmission before the laser pulse, as shown a t the left-hand edge of the photograph. (B) Normalized partial spectrum of the transient species. The spectrum was not extended to shorter wavelengths because of spectral interference from the laser pulse, with necessitated protecting the photomultiplier which below 380 nm.
7 (or at pH 5.7 in the presence of MgClz), net proton release was stoichiometric with the amount of ATP formed. However, at pH 5.7, ATP3-was the predominant species formed in the presence of EDTA and less than 0.2 protons were released per ATP molecule generated. Proton release occurred within the time resolution of the specttophotometer, and there was subsequent proton uptake of relatively small amplitude. Proc. Natl. Acad. Sci. USA 77 (1980) 7239 ATP causes the dissociation of actomvosin in a reaction that is a first-order dependent on ATP concentration and is therefore an excellent urobe to monitor the release of ATP from its urecursor into the medium. Dissociation of actomyosin is accompanied by an approximately linear decrease in turbidity, which results in an increase in transmission of the solution (12). The turbidity changes after flash photolysis of caged ATP in the presence of actomyosin at various pH values are shown in Fig.  4 . In the absence of caged ATP, no transmission change occurs at any pH (e.g., the upper trace of Fig. 4) . At pH 6.3, there is no lag in actomyosin dissociation after the laser pulse. However, a lag phase is present at pH 7.2 and becomes more pronounced at pH 8.1. The presence of the lag phase at the higher pH values can be correlated with the decrease in X of the uH-deuendent transient decay. The variation in amplitude in the three traces is probably due to some inhomogeneity and hence variation in turbidity of the viscous actomyosin solutions. [Transient and steady-state kinetic studies of the acto-subfragment 1 ATPase have shown that ATP does not necessarily induce complete dissociation of the proteins, which also could give rise to variable signal amplitude (13, 14) . However, this is unlikely to be important at the high ionic strength used in these experiments.]
It was shown that caged ATP did not interfere with the reaction of ATP with actomyosin. For example, when 3 mM caged ATP was incubated with actomyosin and then mixed with ATP in a stopped-flow apparatus, the kinetics of the ATP-induced dissociation were unaffected by the presence of caged ATP.
To simulate the kinetics of ATP release into the medium, it was necessary to determine the amount of ATP formed. Caged ATP was photolysed under conditions described in the legend to Fig. 4 except for the absence of actomyosin; 75 pM ATP was generated at each pH value. The second-order rate constant associated with ATP dissociation of actomyosin in 0.6 M KC1 was measured in the pH 6-9 range. The rate constant, which was independent of pH (to within 20%), was 3.8 X 10" M-I sec-l.
It is important to know whether or not proteins are damaged by 347-nm light. Such analysis has been done principally on intact vesicles containing sarcoplasmic reticulum ATPase (unpublished results) on which neutron and x-ray diffraction studies were being carried out. At a light intensity more than 10 times that occurring in a single laser pulse, there was no detectable effect on either the structure or the ability of the system to pump calcium.
DISCUSSION
Experiments in which the energy output from a laser is correlated with the amount of ATP formation show that sufficient ATP is generated in a single pulse for analysis of many interesting biological systems. Thus, this technique can be used for structure and function studies of such diverse ATP-requiring systems as the calcium pump, nitrogenase, and muscle contraction, as well as for rapid photogeneration of other biochemical metabolites. Engels and Schlaeger (6) and Kaplan et al. (8) have shown that caged nucleotides can be introduced across cellular and other membrane boundaries. Caged-nu-u cleotides appear to bind weakly, if at all, to nucleotide sites on proteins (6, 8) . We can detect no binding of caged ATP to sarcoplasmic reticulum calcium pump ATPase or to the actomyosin ATPase system. Caged ATP was neither an inhibitor nor a substrate of nitrogen fixation catalyzed by the nitrogenase of Clostridium pasteurianum (unpublished data).
The photochemical properties of caged ATP are advantageous from the biochemical viewpoint in that 347-nm light does not appear to damage proteins, which are generally essentially transparent at that wavelength. Furthermore, caged ATP is convenient to work with in that it is stable in water at neutral pH and is not detectably photolyzed over a few minutes in subdued daylight.
Proc. Natl. Acad. Sci. USA 77 (1980) Characterizing photolytic intermediates and associated proton changes is important because this allows the study of reaction mechanism. The photochemistry of 2-nitrobenzyl compounds has been reviewed by Morrison (15) . Many of these compounds exhibit photochromicity; i.e., transient color formation on photon absorption, followed by regeneration of the starting material (16). Weinstein et al. (17) have analysed the photochromicity of 2-(2-nitrobenzyl)pyridine by using a spectroscopic technique. They detected a transient intermediate, which they considered to be an aci-nitro compound, followed by reversion to starting material. On this basis, a rudimentary mechanism can be proposed for the photolysis of caged ATP (eq. 2) in which the conjugate base I1of an aci-nitro compound is formed. The evidence that I1is involved in ATP formation (rather than in a side reaction) comes from the actomyosin kinetics. The breakdown of I1 has the rate constant X = 2.2 X lo9[H'lsec-l. The second step of Eq. 2 is therefore acid catalysed, even though no overall proton uptake will occur during this step (unless conditions are such that ATP3-is formed).
The identification of I1 as the compound whose breakdown determines the rate of ATP formation leads to suggestions of caged ATP analogues that would photolyse more rapidly. For example, the work of Weinstein et al. (17) suggests that substitution of electron-donating groups in the 4-position of the nitrobenzyl group would accelerate the decay of the transient species shown in Fig. 2 .
A critical test of whether the intermediate formulated as an aci-nitro compound in Eq. 2 is involved in ATP formation was provided by the actomyosin dissociation .experiments. The expected time course of actomyosin dissociation was simulated on the basis that the transient species is an intermediate and that its breakdown at 2.2 X 109 [H+]sec-I (i.e., 220 sec-I at pH 7) is followed by ATP-induced actomyosin dissociation with a rate constant of 3.8 X 105 MM sec-I. The simulation (Fig. 5) correlates well with the observed time course of actomyosin dissociation (see Fig. 4 ). We therefore conclude that the intermediate is involved in ATP formation and that its breakdown is rate limiting in the overall process. It follows that the rate of ATP formation occurs in an exponential process having a rate constant 2.2 X 10"H+]sec-I at 22°C. The time resolution of the technique is faster at low pH; at pH 6 for example, 50% of the ATP will be released within 0.3 msec.
Photolysis of 2-nitrobenzyl derivatives of biologically important reactants is a promising technique for structural and kinetic studies of organized biological systems for which conventional mixing and rapid-reaction techniques are inappropriate. The small (a 30-p1 optical cell was used here) and, if necessary sealed, reaction chamber used makes it a useful approach for soluble systems when economy of biological material is important or anaerobic conditions are required.
